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A TECHNIQUE FOR THE MEASUREMENT
OF FLASH FIRE POTENTIAL OF POLYMERIC MATERIALS

James E. Brown and John J. Comeford

This report summarizes work for the period February -

August 1974 on a continuing program to characterize the chemi-
cal and physical parameters of importance in a flash fire and
to develop laboratory scale methods for measuring the flash
fire potential of materials.

Significant modifications have been made to a flash fire
cell developed earlier to measure the flash fire potential
of materials by characterizing the conditions required to pro-
duce an ignitable pyrolyzate-air mixture by thermally degrading
a polymer. The furnace temperature, cell geometry and orien-
tation, and sample size are specified. These modifications
have resulted in an improved technique, especially in terms of

reproducibility, for evaluation of flash fire potential of

materials

.

Experiments have been conducted on rates of combustible
gas formation from flexible polyurethanes to assist in the
optimization of the flash-fire cell operating conditions.

In the rate study, two successive major stages of degrada-
tion were found for polyurethane as the temperature approached
500° at a rate of about 60 °C/min. It was also found that the
products of the second stage appear to be responsible for flash
fires in the flash-fire cell. A minimum polyurethane weight to

enclosure volume ratio greater than 0.2 g/1 and a sample pyroly-
sis temperature greater than 380 °C were required to produce a

flash fire in this apparatus.

Key words: Aircraft fires; fire hazard; flash fire; poly-
urethane; pyrolysis.

1 . INTRODUCTION

This report describes the research from February, 1974 to August,
1974 on a joint National Bureau of Standards — Federal Aviation Admin-
istration program directed towards ultimately reducing flash fire hazards
in inhabited enclosures such as aircraft cabins.

The purpose of this study was to evaluate the parameters which may
produce flash fires as a result of thermal degradation of polymeric
materials in an enclosed environment. We define a flash fire as a fire
(flame front) which propagates through a fuel-air mixture as a result of

the energy release from the combustion of that fuel, having required
only an ignition source. Since most organic polymers produce combustible
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products during thermal degradation, we set out to determine the condi-
tions under which a flash fire would result from the products of thermal
degradation in air of a variety of polyurethane foams, which are recog-
nized to be susceptible to this fire hazard.

A laboratory flash fire cell was developed to permit observation of
flash fires resulting from the products of thermal degradation of poly-
meric material in an enclosed environment.

Observations of flash fires were made using a variety of flexible
polyurethane foams. The experimental technique for a given material in-
volved heating the foam in a pyrolysis chamber while allowing the evolved
products of pyrolysis to pass into the cell. During the pyrolysis, the
temperature of the sample and the oxygen concentration in the cell are
recorded. From the change in the oxygen concentration, the volume frac-
tion of the pyrolysis products is inferred. Essentially then, the lower
limit of flammability of the pyrolyzate-air mixtures is also recorded
when a flash occurs.

Investigations on the products of pyrolysis as a function of tem-
perature were carried out in nitrogen atmospheres by Wooley [l]"*". He
reported that at low temperatures (200 to 300 °C) there is a rapid and
complete loss of the toluene diisocyanate (TDI) units of the polyurethane
as a yellow smoke leaving a residue derived from the comonomer polyol.
This suggests that below 500 °C and perhaps below 750 °C the initial re-

action involves ure thane linkage rupture to produce TDI and other aromatic
compounds. The familar yellow smoke which contains virtually all of the
nitrogen of the polyurethane, was reported to be stable at temperatures
up to 750 °C where other compounds including hydrogen cyanide are formed.

Thermal degradation of polyurethane was also studied by Tilley and
co-workers [2] and Napier and Wong [3], The mechanism of degradation
appears to closely follow the mechanism demonstrated by well characterized
monomeric urethane compounds [4,5]. Thermal degradation of urethanes gen-

erally produced isocyanates, amines, carbon dioxide and alkenes. It was
suggested that polyure thanes also produce the nitrogen compounds, carbon
dioxide from the urethane groups in the polymer, and unsaturated compounds
as well as carbonyl compounds from the polyether-polyol fraction of the

copolymer. These latter compounds were identified in an earlier report
from our laboratories [6].

We report the technique and results of pyrolyzing several polyurethane
foams in the flash-fire cell. We also report an exploratory study of the

rate of production of combustible products from polyurethane pyrolysis in

nitrogen and the rate of production of volatile combustibles when polyure-

thane is pyrolyzed in air.

"Slumbers in brackets correspond with the literature references listed at

the end of this paper.
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2 . EXPERIMENTAL

2.1. Materials

The polyurethane foams used in this study were all of the flexible
polyether type although the molecular weight of the polyether-polyol and
method of polymerization differed. The foams, their general formulations
and some physical properties are listed in table 1. The formulations
and densities were supplied by the manufacturers. The oxygen indices
(01) were kindly supplied by Dr. Robert McCarter [7].

2.2. Flash-Fire Cell

A diagram of the flash-fire cell is shown in figure 1. The cell
is constructed of a Pyrex cylinder 50 cm in length and 5 cm in diameter.
The volume of the cell is approximately one liter. Each end of the

cylinder has integral "0" ring flanges fitted with neoprene "0" rings
and poly (methyl methacrylate) windows which are fastened with spring-
loaded clamps. The cell is equipped with a pyrolysis chamber which is

connected to the main cell body by an "0" ring flange. The chamber is

heated by a regulated electric furnace. The cell also contains an
ignition source consisting of a lOKV AC arc 5 to 10 mm in length between
platinum electrodes and a continuous polarographic oxygen analyzer. The
ignition source and detector of the oxygen analyzer are located near the '

end of the cell farthest from the pyrolysis chamber. During the experi-
ments chromel-alumel thermocouples are used to measure the temperatures
of the sample and the furnace.

2.3. Pyrolysis Rate Apparatus

The pyrolysis apparatus is designed so that the kinetics of the
pyrolysis of polymeric materials may be derived from the evolution of

the pyrolysis products. The design and principles of operation of the

apparatus are described elsewhere [8]. Essentially, the apparatus con-

sists of a tube furnace allowing arbitrary temperature variations, a

quartz pyrolysis tube and a detector to monitor the evolution of pyroly-
sis products. One of two detectors was used; a combustible gas indicator
or a meter measuring the mass flow rate.

The apparatus may be operated with a high- temperature zone near the
exit end of the quartz tube. The high- temperature zone is maintained
with an electrically heated "cracking coil" which serves to reduce the

molecular weight of heavier vapors evolved from the sample and thus pre-
vent condensation. A fine wire (chromel-alumel) thermocouple embedded
in the sample measures the temperature of the sample during the pyrolysis.
The thermocouple and detector responses are continuously recorded on a

two channel recorder.
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2.4. Procedure - Flash-Fire Cell Experiments

The flash-fire cell was mounted in either a vertical or horizontal
position. A weighed sample of the polyurethane foam having a thermo-
couple (T/C) inserted into it, was placed in the pyrolysis chamber. The
cell was assembled as shown in figure 1. The preheated furnace was then
brought into position surrounding the pyrolysis chamber so that the foam
would quickly reach the pyrolysis temperatures. During the time the
sample was being heated, the temperature of the sample and the concen-
tration of oxygen in the cell were continuously recorded on a two-
channel recorder.

As the products of pyrolysis evolved from the sample, the lOKV AC
arc was turned on for about 2 seconds at chosen intervals, generally
every 60 seconds. The sample was heated until a flash occurred or
until pyrolysis was complete.

2.5. Procedure - Evolution Rates of Pyrolysis Products

In the evolution rate of total combustible gas experiments, a weighed
sample of about 10 mg of the polyurethane foam contained in aluminum foil
was placed into the quartz tube for insertion into the tube furnace. The
air was then flushed from the quartz tube by a flow of nitrogen at a rate
of about 15 ml/min and the "cracking coil" was activated and maintained at

a temperature in the range of 550 to 600 °C. The gas evolving from the
quartz tube entered the combustible gas detector after mixing with a larger
volume of air. The air was pumped through the detector at a rate on the

order of 2000 ml/min.

With the activated system in a stable condition, power to the furnace
was then turned on and advanced manually at a predetermined rate so as to

obtain an increase in the furnace temperature of about 60 °C/min. The

response from the combustible gas indicator which resulted from the pro-
ducts evolving from the sample undergoing pyrolysis was simultaneously
recorded with the sample temperature.

In a similar manner, the total pyrolysis products were detected by
passing the gases from the quartz pyrolysis tube directly into the mass
flow rate meter.

3. RESULTS AND DISCUSSION

3.1. Flash-Fire Cell Experiments

All experiments in the flash-fire apparatus were carried out at

atmospheric pressure. As the pyrolysis products evolved into the cell
in these experiments, the air was displaced. Hence, before ignition
occurs, the decrease in oxygen concentration in the cell is attributed
to displacement of the air by the pyrolyzate.
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It is possible that some of the oxygen in the cell may be consumed by
oxidation of the polyurethane during the pyrolysis, but the extent of this

oxidation is expected to be small since the air surrounding the sample
would be rapidly displaced by the products evolving from the sample. No
significant gas phase consumption of oxygen is expected in the cell except
during the actual burning. Consequently, it is assumed that the oxygen
analyzer reading can be related to the volume fraction of the air in the
air-pyrolysis product mixture, at least near the ignition source where the
flash-fire begins.

Figure 2 shows a typical recording of the oxygen concentration and
the temperature of the sample versus time during an experiment in the
flash-fire cell. In this experiment flash fires did occur. The flash
fires occurred where the two large deflections are seen on the curve
showing the concentration of the oxygen.

The oxygen concentration (measured near the ignition source) is

expressed as volume percent. The time of heating the sample is in min-
utes. The temperature is the apparent temperature of the sample during
the heating period since thermal gradients and variations in thermal
contact between the thermocouple and sample probably exist.

At the onset of a flash fire, a flame front generally propagated from
the igniter throughout the cell in the order of 1 second. Ignition of the

pyrolyzing sample has not been noted, possibly because of the short dura-
tion of the flame in the atmosphere around the sample or because this
atmosphere, being nearly oxygen depleted, is near the upper flammability
limit. The response of the oxygen analyzer is rapid compared to the
duration of the experiment. Thus, the instrument gives a good indication
of the diffusion of pyrolysis products to the probe. It also gives an
accurate indication of the onset of the flash. The response to the flash
fire is reflected by the abrupt change in the curve of oxygen concentra-
tion. The magnitude of these deflections appears to be related to the
intensity of the flash itself. On the other hand, the deflections prob-
ably are not a true representation of the actual variations in the oxygen
concentration during the flash fire since response of the instrument to

the heat released and other effects of the flash fire are not presently
known.

Listed in table 2 are the results and the conditions at which flash
fires were reproduced in the flash-fire cell by pyrolysis of sample No. 16

This sample was used to evaluate the effect of varying the conditions in

the flash-fire cell.

The conditions evaluated in these experiments were, (a) orientation
of the flash-fire cell, (b) the use of a glass wool filter in the pyroly-
sis chamber for aerosols and particulates, and (c) the effect of adding
air to the pyrolysis product-air mixture. In all cases flash fires were
produced regardless of the state or presence of these conditions. In most
instances several flash fires were produced during the pryolysis when the
sample weight was of the order of 0.8 g. A flash was not produced when
the sample pyrolysis temperature was less than 380 °C. We did observe,

5



however, some flaming at the electrodes from condensed pyrolysis products.
The results of the pyrolysis of the polyurethane foams at the lower tem-
perature are shown in table 3. The temperatures listed are the maxima
obtained by the foams during the pyrolyses and the times Indicate the
length of time the foams were pyrolyzed. The percent oxygen listed is the
minimum volume fraction of oxygen measured.

In the course of the flash-fire experiments, we observed that the
initial pyrolyzate entering the cell was a smoke, yellow to dark brown in
appearance [1]. We attempted to filter this product, particulates and
possibly aerosol of heavy oils and tars, from the pyrolyzate. With a
glass wool filter placed in the pyrolysis chamber so that the pyrolyzate
which entered the cell first passed through the glass wool plug, less
condensation of tars and oil was observed on the wall of the flash-fire
cell.

The technique derived for the production of flash fires from poly-
urethane sample 16 was applied to additional foams. A polyurethane foam
containing a fire retardant additive and two other foams without fire
retardant additives were selected. These foams are identified in table
1 as samples 42, 18, and 8. The results of the pyrolyses of these foams
in the flash-fire cell are reported in table 4. All of the runs were made
with the flash-fire cell in the vertical position except runs 1 through 3

of sample 42. A glass wool filter was also used in each experiment except
runs 2 and 3 of sample 8. In the latter two runs air was added to the
cell at rates of 100 and 50 ml/min, respectively. Other than the excep-
tions mentioned, all experiments reported in table 4 were performed in the
same manner. A flash fire was produced in each of the experiments reported
in table 4. Although the fire-retarded foam (sample 42) may be more
resistant to combustion than any of the other foams used in this study,

based on the oxygen indices, flash fires were produced from it by the

least amounts of pyrolysis products in the cell.

Having established the minimum pyrolysis temperature for the pro-
duction of flash fires from the various foams, the sample size was de-
creased in order to determine the minimum sample weight necessary to

produce a flash fire. The foams used in this effort were samples 42, 16

and 8. The oxygen index of each sample respectively indicates high,
moderate and low resistance to combustion. The results for these samples
are listed in table 5. The total volume of the flash fire apparatus is

about 1.1 liters. For this apparatus, the minimum sample weight appears
to be about 0.22 g. This finding suggests that a sample to volume ratio
of 0.2 g/1 can produce sufficient fuel to result in a flash fire when the

polyurethane foam is heated to at least 390 °C.

A graphic representation of the flash-fire potential of a flexible
polyurethane foam is shown in figure 4 with the results obtained from
sample 16. This figure demonstrates the flash-fire potential in terms
of sample weight and pyrolysis temperature. The data plotted were taken
from tables 2, 3 and 4.
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As far as the effect of the glass-wool filter is concerned, no firm
conclusions can be reached. Nevertheless, flash-fire occurrence after a
substantial reduction of heavy oils and tars in the flash-fire cell sug-
gested that the flash fire was initiated by the low molecular weight
moeities in the pyrolyzate. Moreover, the higher molecular weight moei-
ties evolved during the early stage of the pyrolysis, and at lower sample
temperatures, did not alone support flash fires when ignited at or near
room temperature. The latter substances appear to be composed chiefly of
tars, oils and particulates. Although the lower molecular weight moeities
may be primarily responsible for the flash fire, some at least of the
heavier components experience combustion during the flash fire. Low
molecular weight species of three carbon atoms or less, which are appar-
ently necessary to support a flash fire such as methane, ethane, propy-
lene, and acetone, were shown in a previous report [6] to be present.
In table 2, horizontal cell orientation, the experiments to be compared
are runs 9 and 14 (filter) with run 15 (no filter) ; for vertical orienta-
tion, runs 6, 7 and 8 are to be compared with run 5. Run 2 is unaccount-
ably atypical from several points of view, so we shall exclude it from
the discussion. In table 4, runs 2 and 3 of sample 8, both with vertical
orientation, were the only ones in which no filter was used. Inspection
of the two tables makes it quite apparent that runs with and without fil-
ters show no difference in the percentage of O2 just before the flash.

Also, there is no difference in time to flash for the horizontal orienta-
tion (runs 9, 14 and 15, table 2). On the other hand, all runs without
filter in the vertical orientation have significantly shorter time to

flash. The times to flash represent diffusion and mixing phenomena which
'

are not closely controlled. Therefore it is premature to attach much im-
portance to the time data.

We foresee experiments in the flash-fire cell from which a measure
of the energy released during flash fires will be obtained. It has been
shown [9] that the product- of the lower limit of flammabillty L expressed
as volume fraction and the heat of combustion AH^, of a large number of

organic compounds of diverse classifications approximate a constant,
llKcal/mole of mixture. Using the argument for the energy released by
combustion at the lower limit of flammabillty and considering that the

flash-fire cell contains about 4.5 x 10"^ moles of gas (1.1 liters), we
estimate that the energy released from the flash fire is of the order of

0.5 Kcal from the pyrolysis products.

3.2. Rate of Pyrolyzate Evolution

To a large degree, the temperatures selected for the furnace of the
flash-fire apparatus were predicated on preliminary findings of the

combustible-pyrolyzate rate experiments.

Qualitatively we have determined with the pyrolysis rate apparatus

[8] that there are two major stages in the total combustible-pyrolyzate
evolved during thermal degradation of polyurethane foams. And we have
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also determined thaL the first major stage contains essentially all of
the readily condensable pyrolysis products. These stages of course would
be expected when the proposed degradation mechanism of the ure thane group
is considered [1,2,3].

We show curves of typical combustion-rate experiments in figures 5

(sample 16) and 5A (a conventional foam similar to sample 16, not listed
in table 1) for the rate of evolution of the total combustible pyrolyzate
and the temperature of the sample, versus time of heating the sample.
Although the output voltage of the combustion detector has not been
calibrated in terms of energy, the area under the rate curve is propor-
tional to [7] the energy (heat) released by the catalytic combustion of
the products from the decomposing polymer. Hence, the magnitude of the
response by the detector at any point on the curve is the result of the
energy released from combustion of the pyrolyzate at that moment. As it
may be seen in figures 5 and 5A, the first stage of degradation of the
foam was not complete before the onset of the second stage though the
second stage, occurring at higher temperatures, contains the bulk of the
combustible products.

The temperature at which the onset of combustibles is observed and
the temperatures for the respective maxima of the first and second stages
of degradation are of the same magnitude for the various polyurethane
foams. These results indicate that significantly different chemical bonds
are broken in the respective stages of pyrolyzate evolution. However,
this is not to imply that within the respective stages, the bonds cleaved
are necessarily identical chemically but that the cleavage involves bonds
of similar energy.

We propose that the stages of the degradation reactions involve dif-
ferent energetics since these stages rriay be separated by first limiting
the pyrolysis temperature of the sample to the temperature of the first
stage until the rate of combustible product evolution approaches zero; and
then increasing the pyrolysis temperature of the sample through the range
for the second stage. This experiment is typified in figure 6. The shape
of the curves in figure 6 suggests that the first stage or degradation
consists of more than one product each of which is produced at a differ-
ent rate. The second stage is expected to be multicomponeuu but these
products seem to be produced at about the same rates. The reason for the

variations seen in the two stages could be clarified by rate measurements
of the individual components.

Following the example of McCarter [8], we performed an exercise and

calculated the rate constants k at several temperatures from about 400 to

475 °C for the second stage in an experiment as shown in figure 6. A plot
was made of the natural logarithm of k versus the reciprocal of the abso-

lute temperature. A plot of these data, figure 7, is linear. This sug-

gests a first order reaction for the second stage where the slope is the

ratio of the apparent activation energy to the gas constant, E*/R. An
apparent activation energy of 52 Kcal/mole was calculated. Because this

value obtained for the activation energy is similar in magnitude to the

values found for other materials with oxygen containing functional groups
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[2,8], this excercise serves as a check on the ability of the Instrumen-
tation to function as a crude probe for the degradation kinetics. An at-
tempt at estimating the activation energy of the first major stage by the
procedure above was not successful. The lack of success may be due to

the nature of the various reactions involved in the thermal degradation.

The rate of evolution of combustible pyrolyzate from polyurethane
pyrolyzed in air approximates more closely the conditions of the pyrolysis
in the flash fire experiments. To achieve these rate studies, the "crack-
ing coil" was removed from the pyrolysis tube. An example of the record
from this study is shown in figure 8. As a result of removing the "crack-
ing coil", a large amount of tars and oils condensed in the unheated area
of the pyrolysis tube. Therefore, the relative magnitude of the first
stage of pyrolyzate evolution is significantly reduced though the onset
temperature and the temperature at which the maximum rates occur are es-
sentially the same as in figure 5. This result again suggests that the
second stage is composed primarily of low molecular weight combustibles.
We have previously shown that flash fires occurred in the flash-fire cell
only when the pyrolysis temperature was within the temperature range cor-
responding to the second stage of the evolution of combustible pyrolyzate.

In the postulated mechanism [1,2] for degradation of polyurethane the
products include inert substances such as CO2 as a major component which
is produced in the first stage of the degradation process. If a diluent
such as CO2 is indeed produced in the early stage of polyurethane degrada-
tion, then a substantial increase in the magnitude of the first major
stage of pyrolyzate evolution would be observed if the total flow of the
pyrolyzate evolved is measured, rather than measuring the merely combus-
tible gases.

A measure of the total mass evolved from the decomposing polyurethane
was achieved. To achieve this measurement, the combustion detector was
removed from the apparatus and replaced with a mass flow rate meter. With
this arrangement, the thermal decomposition products, which were formed in
a stream of nitrogen, were swept directly into the mass flow rate meter
after passing over the "cracking coil." A graph of the total mass flow
rate, temperature, and pyrolysis time is shown in figure 9. The tempera-
tures for the onset of mass flow from the pyrolyzing foam and the maximum
rates of evolution are similar to the temperatures of the combustible
pyrolyzate experiment for this sample. Since the magnitude of the first
stage is quite large and relatively distinct from the second stage, the
presence of inert substances are indicated, see also figures 5 and 5A.

The rate of mass flow experiments lend further qualitative support
to the idea that polyurethanes thermally degrade in stages, that is, the
polyurethane first loses the aromatic isocyanate units, and then the pol-
yol undergoes fragmentation.

The two major stages of polyurethane degradation are illustrated
with the postulated mechanism [1-5] in the following scheme:
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I. First major stage: Degradation of the urethane group at some
temperature below 380 °C.

Polyurethane

Primary aromatic Amine + CO2 + Residue
derived from polyether

Secondary Amines + CO2

'Aromatic diisocyanate + Residue of Polyether-
Polyol

II. Second major stage: Degradation of residues from first stage at
temperatures above 380 °C.

Residues of polyether-polyol Alkanes + alkenes + carbonyl
and compounds + etc.

Derivatives of polyethers

Although flexible foams may contain functional groups other than
urethane and other linkages as a result of cross-linking agents and ex-
cess diisocyanate for example, this scheme is directed primarily at those
groups involved in the polyurethane molecules. Consequently, the above
scheme is only intended to illustrate a probable process by which the two
major stages of degradations may arise and not the complete process by
which all possible products are formed including further reactions of the
initial products. However, there are inferences that should be noted;
first, two of the three reactions in the first stage yield CO2; and second,
this scheme suggests that highly flammable compounds are produced only at
elevated temperatures, that is, in the second stage.

The production of CO2 in the early stages of degradation may well
account for the large volume fraction of pyrolysis products in the flash-
fire cell at the initial flash. Carbon dioxide, being inert, would reduce
the flammability of the fuel-air mixture by increasing the heat capacity
[10,11] of the gas mixture. In addition, the aromatic compounds evolved
in the first stage may also form aerosols and particulates when distilled
from the pyrolysis chamber or become a part of the residue. These dis-
tilled products condense on the walls and so are not likely to support
flash fires near room temperature.

y ^

4. CONCLUSION

An apparatus has been developed in which flash fires can be repro-
duced from the pyrolysis products of polyurethane foams. And it seems
apparent that the technique developed in this study is applicable to the

determination of the flash-fire potential of other polymeric materials.

Flash fires have been reproduced in this apparatus when the sample
to volume ratio is not less than 0.2 g/1 and the pyrolysis temperature
of the sample is not less than 380 °C. In these instances, it was also
shown that flash fires occur when the oxygen volume fraction is diluted
to about 17% by the pyrolysis products.
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When the temperature of the polyurethane is raised above 390 °C at
60 °C/inin for example, the minimum temperature required to achieve a

flash fire condition, two major stages of degradation are achieved. We
conclude then that the products of the second major stage are primarily
responsible for the flame front in the flash fires and that these products
include low molecular weight compounds derived from the polyol fraction
of the copolymer. The higher molecular weight components in the first
major stage, aromatic nitrogen compounds derived from and including the
diisocyanate fragments, are not expected to support a flash fire in the
flash-fire cell since the temperature in the cell remains near the
temperature of the room during the experiment.
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Figure 1. Schematic of Flash-Fire Cell
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Figure 7. An Arrhenius Plot of the Results Obtained from

the Second Major Stage of the Combustible Pyrolyzate
Shown in Figure 6.
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